With the upgrade program of SG-II laser facility, 1kJ PW laser system based on its Nd:glass ninth beam has been designed for the scientific research on high energy density physics, ICF, especially the fast ignition. In this paper the design overview is presented. According to the schedule, the installation of optics and mechanics will be finished by the middle of 2009, and the operation will start in half year later.
Introduction
In China, as the major pioneer of the research on the laser driver of the inertial confinement fusion (ICF), Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Science (SIOM CAS) activated the research project of the laser plasma in 1965. In the initial stage, the principal work in SIOM was mainly focused on the various techniques related to the construction of the high power laser system suitable for the physical experiments, including the study and manufacture of Nd:glasses, YAG crystals, and pulsed xenon lamps, the development of laser oscillators, spatial filters and amplifiers, and the preparation of the optical components such as electro-optic switches and optical film coating, as well as the design of the precision target chamber. In 1973 a 1×10 10 W single-beam Nd:glass laser system with 40-60 J/4ns energy output was setup by ten years efforts. By improving the final amplifier, the output power and energy of this single-beam Nd:glass laser system were upgraded to 1×10 11 W and 400 J in 1974. 1) Following the progress in the laser driver and laser plasma physics, the grand plan about the high power solid state laser, referred to as Shen Guang series, have been developed from 1981. In 1987 the first generation in Shen Guang family, Shen Guang-I (SG-I) high power laser facility was completed with 2×10 12 W output at the National Laboratory on High Power Laser and Physics (NLHPLP), SIOM. The facility consisted of two beams, each yielding 800 J/1ns or 260 J/100ps laser pulse at 1.053um with the diameter of 200 mm. From 1981 to 1994, SG-I had played an important role in Chinese preliminary ICF research program and the development of the high power solid state laser, which was decommissioned in 1994 2) . In order to further develop the ICF program and to organize ICF research in China, an overall plan about the inertial fusion was proposed in 1992, and the National Hi-Tech ICF Committee was authorized by Chinese government in one year later 3) . According to this plan, the Shen Guang-II (SG-II) high power solid state laser project was initiated by the end of 1994 in NLHPLP, SIOM. After six years, the construction of SG-II facility was completed. Since 2000, it has been fully put into commission to perform scientific experiments with its total eight laser beams. With the double pass co-axial amplification structure and two sets of 2×2 segment array amplifiers combined with two sets of 2×2 spatial filters array, SG-II facility has already supplied more than 3000 shots for ICF, X-ray laser, and equation of state experiments with 6kJ/1ns energy output at 1.053μm and 2kJ at 351nm in clear aperture of 240mm 4) . In addition to eight beams of SG-II, a new laser beam (named the ninth beam) with energy output of 4.5 kJ/3ns at 1.053 μm and 2.2 kJ at 0.53 μm for 320 mm clear size in diameter was completed and coupled with SG-II in March 2005 as a probing beam of physical experiments.
Recently in laser fusion research, the concept of fast ignition (FI) by an ultra-intense laser holds more and more interests. Because in the central ignition scheme a highly uniform laser irradiation and strict power balance of multi-beam laser system are required to form a hot igniting spot at the center of the compressed fuel. But in FI, such requirements are relaxed, and all needed is to achieve the high-density compression. In order to explore the high energy density physics, especially FI in inertial fusion energy, the upgrade program of SG-II facility (SG-II-U) has been carried out since October 2007. In this project, the SG-II-U facility with final 18 kJ/3ns energy output at 0.351 μm and a 1 kJ/1ps petawatt (PW) laser system based on the ninth beam will be setup. According to the schedule, the installation of optics and mechanics will be finished by the middle of 2009, and the operation will start in half year later.
Design overview of PW in SG-II-U project
As mentioned above, the PW has been designed by utilizing the existing ninth beam line in SG-II-U project. For well known, nearly all high peak-power and ultrafast laser systems make use of the chirped-pulse amplification (CPA) technique followed by optical pulse compression, because it allows the production of high-power ultrashort pulses in solid-state lasing media. To achieve the performance goals of PW laser, several new components except for the existing amplifier chain of the ninth beam are introduced in this PW laser system such as a short pulse Oscillator, the stretcher of pulse duration, and optical parametric chirped-pulse amplification (OPCPA) in front-end subsystem, and the deformable mirrors, the chirped pulse compressor with tiled gratings and the off-axial parabola in rear-end subsystem. The scheme of PW laser is shown in Fig.1 illustrating the major constituent parts, and the main characteristics are as following; energy: 1.7 kJ(chirped pulse) /1 kJ(compressed pulse), wavelength: 1053 nm, pulse duration: 1-10 ps, aperture: 320 mm in diameter, focused intensity: 10 20 W/cm 2 (50% energy in 25μm), SN ratio: 10 6 -10 8 , and synchronization with main laser: ≤10ps (RMS). For the preheating issue in physical experiments, even when the intensity of the prepulse is as low as 10 -8 of the main laser pulse or less, it still can generate the preplasmas on a target surface and finally makes the FI mechanism complicated and unclear. For petawatt-class lasers, these effects will become more serious. Based on the advantages with large gain bandwidth, very high gain and improved prepulse contrast, one OPCPA system with two stages will be employed as a noise cleaner in the front end of the PW with prepulse ratio of 1×10 -8 . After passing through the amplifier chain of the ninth beam, the laser pulse will be amplified to 1.7 kJ. During amplification process, the gain narrowing of the system and the B integral is carefully controlled to realize 3.4 nm bandwidth output and the cumulative B-integral (ΣB) less than 1.8. In order to meet the 50 percent focusing requirement of the pulse energy into a 25 µm diameter spot, a deformable mirror between the final spatial filter and the compressor has been introduced in the system design to correct the static aberrations of the optics in the beam-line and distortions caused by the thermal gradients during the course of firing laser shots. Moreover, the deformable mirror will also become an assistant to help the best possible recompression of the stretched pulse. For PW laser system with high energy output, the bottleneck is the limitation of the damage threshold of the final grating in the pulse compressor. So the PW laser in upgrade program will have to use multilayer dielectric (MLD) coating diffraction gratings. However, the difficult fabrication process for MLD gratings has limited the size of an individual grating to approximately one meter. And the compressor of PW requires diffraction gratings with the width at least over one meter. Therefore, the tilted gratings have been decided to be assembled in pulse compressor by segmenting several grating pieces, which are manufactured in China with 95% average diffraction efficiency and 1.2 J/cm 2 damage threshold for the picosecond pulse. After pulse compression, the high energy short pulses will be delivered in to SG-II-U target chamber where an off-axis parabolic mirror focuses them onto the target with 10 20 W/cm 2 intensity.
Descriptions about the subsystems design of PW laser
According to the plan of SG-II-U, the ninth beam will be provided with the function to supply the short pulses as well as the original long pulses alternatively for the different requirements of the physical experiments. This means that there is just little opportunity for the amplifier chain of the ninth beam to be modified. In this case, it turns out that it is the most reasonable way to design amplifier chain first, and then address all critical parameters starting from it to other subsystems.
Nd:glass amplifier subsystem
In PW design, the chirped pulses after OPCPA will be injected into the amplifier chain of the ninth beam again to extract enough pulse energy from Nd:glass amplifying media. So firstly the property of the propagation about the chirped pulses in the amplifier chain of the ninth beam has been considered systematically, such as self-phase modulation (SPM) and gain narrowing during CPA.
In CPA laser system, the compressed pulse may commonly carry a significant amount of uncompressed energy which is referred to as the pedestal. Distortion of the frequency chirp due to SPM is one of the sources to result in a large pedestal beneath the final compressed pulse, even though the intensity profile of the chirped pulse is amplified without significant distortion. Because during the final pulse compression the grating pairs can not compress the new frequency chirp generated from SPM for the different group velocity dispersion but only the original frequency chirp. Furthermore, a large B-integral variation with time across the stretched pulse width will significantly broaden and modulate the recompressed pulse. In experiment of FI, the contrast ratio of PW laser pulse on target must be better than 1×10 -8 at 10 ps before the pulse peak. Otherwise the preheating of the target will happen. So at the beginning of the design for PW laser system in SG-II-U program, the profile of the compressed pulse during CPA process has been analyzed with the B-integral change. According to the results of the simulation (Fig.2) , if the value of ΣB is bigger than 2, the recompressed laser pulse will suffer from a dramatic degradation in pulse contrast especially the pulse shape and intensity. To suppress the B-integral increasing in the amplifier chain of the ninth beam, the OPCPA system with 50mJ output pulse energy and 3
Nd:glass Oscillator 230fs/6.5nm ns/6.5nm chirp ratio has been designed as the front-end of the PW. In this case, the estimations of the energy gain and ΣB are listed in Table. 1. As the results shown in Table. 1, the amplifier chain of the ninth beam has the capability to meet the output energy 1.7 kJ requirement of PW laser in SG-II-U program under a reasonable condition of ΣB = 1.72. For PW laser system in SG-II-U project, the chirped pulse after amplified will have to be recompressed back to 1 ps to realize the expected high power output. In a CPA laser system the chirped pulse is a broad-band long pulse. Envelope distortion of the chirped pulse and spectrum clipping induced by gain narrowing in the amplifier will affect the final pulse compression directly. For this reason, the detail information of the gain narrowing about the Nd:glass amplifier chain of PW laser as shown in Table. 1 has been investigated in Fig.3 . After 50 mJ OPCPA output pulse passes through the ninth beam line, under the gain narrowing the output spectrum width and pulse duration have reduced from 6.5 nm and 3 ns to 3.4 nm and 1.57 ns respectively (Fig.3 (a), (b) ). Fortunately, this reduction still can ensure the amplified chirped pulse of PW laser to be recompressed to 1 ps or shorter with the contrast ratio better than 10 -8 at 10ps before the pulse peak (Fig.3 (c), (d) ). In original design of the ninth beam, there are three kinds of rod amplifiers severing as preamplifiers: two Φ20 mm, three Φ40 mm and two Φ70 mm rod amplifiers. Following them, the main amplifiers are setup by two Φ100 mm, three Φ200 mm and four Φ350 mm disk amplifiers. Based on the discussion above, it can be proved that the amplifier chain of the ninth beam will be suitable to be modified as the amplifier subsystem of the PW in SG-II-U project just by injecting the OPCPA output signal from the second Φ40 mm rod amplifier.
Front-end subsystem
The front-end system consists of an oscillator, a stretcher, a two-stage OPCPA and a mini-compressor. The seed is generated by a commercially available mode-locked oscillator with Nd:glass as the active medium. This oscillator generates a 70 MHz pulse train of 4nJ pulses. Each pulse is 230 fs long with the FWHM bandwidth of 6.5 nm centred at 1.053 um. The pulses are stretched to 3.2 ns in time using a double passed Öffner triplet stretcher. And among them, a single pulse is selected for amplification. The OPCPA is designed to produce >50 mJ pulse energy at 10-Hz repetition for a stretched seed pulse with prepulse of 1×10 -8
. In addition, a mini-compressor with 0.2 ns/6.5nm chirp ratio formed by a small grating pair will be set at the end of the front-end system to ensure a desired precise stretcher-compressor match.
In stretcher design, the groove density of grating and the incident angle has been chose at 1740 g/mm and 70 degree same as the specification of the compressor. Because in this way the high order nonlinear dispersions of chirped pulses induced by stretcher and compressor will be compensated each other perfectly. The stretcher and compressor both of them are regarded as spectral filters in CPA process and for each of them the spectral transmission is calculated (Fig.4) . The bandwidth transmitted by the stretcher and compressor is critical since it can severely affect the contrast of the final pulse. The spectral transmission of the stretcher and compressor are shown in Fig.4 (a) as comparison. In this simulation, the maximum full bandwidth that can pass through the stretcher is 17 nm, namely five times the expected FWHM bandwidth 3.4 nm of the amplified pulse in PW, and the compressor have a beam spectral cut-off at two time because of the limitation of compressor grating size. There is clearly clipping on a logarithmic scale. The stretcher limits the bandwidth more than the compressor which is a result of the larger beam size in the compressor or sharper spectral clipping in the stretcher. It is clear that the dominant process determining pulse contrast in PW of SG-II-U project is the sharp spectral cut-off in the stretcher. From Fig.4 (b) , it can be Fig.3 The characteristics of the gain narrowing, recompression and contrast ratio for laser pulse with 50mJ pulse energy and the chirp ratio of 3ns/6.5nm after propagating through Nd:glass amplifier chain of PW laser.
found that in order to realize the laser pulse contrast in PW over 10 -8
, the bandwidth transmitted by the stretcher must be five times the FWHM bandwidth of the amplified pulse. Therefore, to fit it the grating with 400 mm in width and 200 in height has been considered to be used as the stretcher grating.
Compared with the conventional regenerative amplifier, OPCPA permits significant reduction in the level of prepulse since the amplification occurs only within the time window defined by the pump pulse. As the preamplifier of PW laser, the OPCPA is designed to operate with two amplification stages for 50 mJ output energy. Two LBO crystals with a cross-section of 5 mm × 5 mm and length of 30 mm are chosen as the first stage in a walk-off-compensated arrangement. A non-collinear geometry is employed with a slight angle difference between pump and signal beam in each OPCPA. This enables the proper isolation of pump, signal and generated 'idler' beams after each OPCPA. In the second stage, the LBO crystal size is 7 mm × 7 mm × 15 mm. In OPCPA, the temporal and spatial profiles of pump laser and the synchronization about pump and seed pulses are critical for high pump-to-signal conversion efficiency and output stability. So the Nd:YAG pump laser is being developed at 532 nm with super-Gaussian temporal and spatial profiles which will produce a 10 Hz pulse train of 700 mJ and 8 ns (FWHM) pulses for OPCPA. With the technique of the synchronization applied in SG-II facility, the jitter between the pump and the seed laser pulses can be fixed within 10 ps.
3.3
Rear-end subsystem For optimum performance of the PW laser in SG-II-U, the dynamic correction of wavefront errors that arise from propagation through the optical chain of the laser system is necessary. An adaptive optics that has been developed for Shen Guang-III (SG-III) prototype will be transplanted to PW laser. As considering for the present beam quality of amplifier chain of the ninth beam, the focusing intensity 10 20 W/cm 2 is planed to be realized by concentrating the 50 percent pulse energy into a 25 µm diameter spot. This requires that the beam quality of compressed pulse in PW must be better than three times the diffraction limit and the focal length of the off-axial parabola mirror is less than 800 mm. One deformable mirror with 350 mm in diameter is decided to be sited between the final spatial filter and the compressor. And a new target chamber of SG-II-U has been designed with 2400 mm in diameter, where an off-axis parabolic mirror with 400 mm in diameter and 800 mm focal length will be assembled.
To recompress the 1 kJ chirped pulse back to 1 ps with 10 -8 pulse contrast, the multi layer dielectric (MLD) grating with the size about 350 mm × 1220 mm is required in PW laser compressor, which is mainly determined by the 3.0 ns/6.5nm chirped ratio, the 320 mm beam diameter, and the 6.8 nm spectral width to be covered (Fig.4) . Due to the difficult fabrication process for large scale MLD gratings, the tiled grating will be employed by segmenting three 350 mm × 430 mm, 350 mm × 360 mm and 350 mm × 430 mm grating pieces with 95% average diffraction efficiency and 1.2 J/cm 2 damage threshold for the picosecond pulse. The grating arrangement of the pulse compressor has been designed as shown schematically in Fig.5 . It is the single-path four-grating structure which will deliver a great advantage for grating segmentation.
Summary
Based on the ninth beam, 1 kJ/1ps PW laser system has been designed for SG-II-U. In this paper, the brief information about the design is discussed.
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